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Fission yeast Cdr2 organizes cytokinetic precursors in the cell middle to predefine the division plane. Rincon et al. show that the SIN pathway directly targets Cdr2, promoting its dissociation from the cortex in a 14-3-3-dependent manner. Cdr2 removal from the cortex during cytokinesis resets the division plane for the next cell cycle.
Proper division plane positioning is crucial for faithful chromosome segregation but also influences cell size, position, or fate [1] . In fission yeast, medial division is controlled through negative signaling by the cell tips during interphase and positive signaling by the centrally placed nucleus at mitotic entry [2] [3] [4] : the cell geometry network (CGN), controlled by the inhibitory cortical gradient of the DYRK kinase Pom1 emanating from the cell tips, first promotes the medial localization of cytokinetic ring precursors organized by the SAD kinase Cdr2 to pre-define the division plane [5] [6] [7] [8] ; then, massive nuclear export of the anillin-like protein Mid1 at mitosis entry confirms or readjusts the division plane according to nuclear position and triggers the assembly of a medial contractile ring [5, [9] [10] [11] . Strikingly, the Hippo-like septation initiation network (SIN) induces Cdr2 dissociation from cytokinetic precursors at this stage [12] [13] [14] . We show here that SIN-dependent phosphorylation of Cdr2 promotes its interaction with the 14-3-3 protein Rad24 that sequesters it in the cytoplasm during cell division. If this interaction is compromised, cytokinetic precursors are asymmetrically distributed in the cortex of newborn cells, leading to asymmetrical division if nuclear signaling is abolished. We conclude that, through this new function, the SIN resets the division plane in newborn cells to ensure medial division.
RESULTS AND DISCUSSION
Cdr2 is a key component of the cell geometry network (CGN) that regulates cell size but also delineates the cell middle to promote fission yeast symmetrical division [5, 7, 8, [15] [16] [17] [18] . To do so, Cdr2 assembles into medial nodes that recruit several cytokinetic proteins, including Mid1, Blt1, Gef2, and Nod1 [5, 8, [19] [20] [21] [22] , and form cytokinetic precursors that pre-position the division plane in a medial position during interphase [2, 5, 8, 18] . These nodes mature further at mitosis entry when Mid1 gets activated by the polo kinase Plo1 [9, 10] , which initiates the recruitment of additional cytokinetic factors, including the IQGAP Rng2, Myosin II, the F-BAR protein Cdc15, and the formin Cdc12 [9, [23] [24] [25] [26] [27] . Strikingly, Cdr2 dissociates from the nodes at this stage and becomes cytoplasmic [7, 8, 28] . This event depends on the septation initiation network (SIN) pathway [13, 14] . Nevertheless, the molecular mechanism by which the SIN mediates Cdr2 dissociation from the cortex and its biological relevance have not been established so far.
The SIN Kinase Sid2 Targets Two RXXS Sites on Cdr2 to Induce Cdr2 Dissociation from the Cortex during Cell Division Cdr2 dissociation from the cortex relies on the last kinase of the SIN, Sid2 [13, 29] . Sid2 belongs to the NDR kinase family, a subclass of AGC kinases, which preferentially phosphorylates RXXS sites [30] [31] [32] [33] . Thus, to uncover the molecular mechanism responsible for Cdr2 dissociation from the cortex during cell division, we analyzed the phosphorylation status of Cdr2 RXXS sites in the SIN-hyperactive mutant cdc16-116 [34] . Indeed, Cdc16 encodes one of the two components of the GTPase-activating protein (GAP) for the small GTPase Spg1 responsible for SIN activation [35] . Therefore, its inactivation leads to constitutive activation of the SIN. Mass spectrometry analysis of Cdr2-mEGFP, after immunoprecipitation from cdc16-116 cells grown at restrictive temperature, revealed that five of the ten RXXS sites present along the Cdr2 sequence were phosphorylated in these conditions ( Figures 1A and S1A ). These phospho-sites distribute in Cdr2 central spacer region following the kinase and UBA domains (S452 and S476; [16] ); in Cdr2 C-terminal membranebinding domain, including a basic region and the KA-1 domain (S604 in the basic region and S632 in the KA-1 domain [18] ); and in the C-terminal regulatory tail (S755; [15, 36] ).
To determine whether the phosphorylation of these sites contributed to Cdr2 dissociation from the cortex during mitosis, we produced individual phospho-inhibitory mutants in these five sites, and we expressed these constructs in fusion with mEGFP from the cdr2 locus, in replacement of endogenous Cdr2. These cells also expressed the SPB marker Sid4-mCherry to follow mitosis progression. Interestingly, only two phospho-inhibitory mutants (cdr2 S476A and cdr2
S632A
) showed clear defects in Cdr2 dissociation from the cortex during mitosis ( Figure S2A ). To test whether these sites were directly phosphorylated by Sid2, we immunoprecipitated Sid2-13myc from the hyperactive Figure S1 ). Figure S1B ) but did not allow us to detect peptides containing S476. Nevertheless, ProQ Diamond staining showed that Pep1 fused to GST was phosphorylated by Sid2 in vitro, but not the mutant peptide carrying a mutation of the serine to an alanine (Pep1-S476A) ( Figure S1C ). This shows that S476 and S632 are direct phosphorylation targets of Sid2. Next, we combined these two mutations to obtain the Cdr2 RXXS-2A mutant. This mutant was expressed at endogenous levels, as verified by western blot analysis ( Figure S2B ). Furthermore, whereas Cdr2 inactivation results in longer cell size at division [37, 38] , length at division was not altered in the cdr2 RXXS-2A mutant ( Figure S2C ), showing that it was fully functional to regulate mitotic entry. As expected, Cdr2 RXXS-2A remained associated with the medial cortex throughout mitosis and cytokinesis in sharp contrast with wild-type Cdr2, which efficiently left the cell cortex at this stage and remained cytoplasmic until the end of cytokinesis ( Figure 1B) . Interestingly, we also observed that cortical Cdr2 RXXS-2A spread gradually toward the cell tips during mitosis progression and associated with the ingressing furrow ( Figures 1B and 3G ). This was confirmed by quantitative analysis of Cdr2-mEGFP fluorescence, which showed that wild-type Cdr2 intensity measured on the medial cortex decreased to $2.5-fold lower levels after mitosis entry, while the cytosolic intensity doubled and became equal to cortical intensity ( Figure 1C ). In contrast, the Cdr2
cytoplasmic pool remained constant, demonstrating that Cdr2 RXXS-2A does not dissociate from the cortex, while Cdr2 intensity on the medial cortex dropped to $1.5-fold lower levels as a result of Cdr2 RXXS-2A spreading on the cortex toward the cell tips ( Figure 1C) .
Finally, to determine whether additional mechanisms, independent of S476 and S632 phosphorylation, could participate in SIN-dependent dissociation of Cdr2 from the cortex, we tested whether Cdr2 RXXS-2A was resistant to SIN activity by checking its localization in the SIN-hyperactive mutant cdc16-116 at restrictive temperature. Cdr2
-mEGFP remained on the cortex of cdc16-116 cells ( Figures 1D and 1E) , showing that this mutant was no longer sensitive to SIN activity.
These data altogether indicate that SIN-dependent phosphorylation of S476 and S632, located, respectively, in the central spacer region and in the membrane-binding KA-1 domain of Cdr2, represents the key molecular mechanism promoting Cdr2 dissociation from the cortex during mitosis.
Rad24
Interacts with Cdr2 upon Phosphorylation by the SIN and Sequesters It in the Cytoplasm during Cell Division Phosphorylated RXXS sites represent potential binding sites for 14-3-3 proteins [39] . Accordingly, Clp1, a known effector of the SIN pathway, is directly phosphorylated by Sid2 on RXXS sites, creating binding sites for the 14-3-3 protein Rad24 that retains it in the cytoplasm in late mitosis [30, 40] . This suggested that Cdr2 may be similarly retained in the cytoplasm by Rad24 upon phosphorylation by Sid2.
To test this hypothesis, we first checked whether Rad24 interacted with Cdr2 in wild-type cells. Accordingly, Rad24-GFP coimmunoprecipitated with Cdr2-12myc ( Figure 2A ). We further reasoned that if phosphorylation of RXXS sites is required for Cdr2-Rad24 interaction, increased SIN activity should lead to a stronger interaction. As expected, we found that Rad24-GFP co-immunoprecipitated with Cdr2-12myc more efficiently in the SIN-hyperactive mutant cdc16-116 incubated for 2 hr at the restrictive temperature of 36 C than in wild-type cells ($3-fold increase; Figures 2A and 2B) . Thus, increased SIN activity promotes Cdr2 interaction with Rad24. Since SIN activity is cell cycle regulated and peaks during cell division [29] , we also checked whether Cdr2 interaction with Rad24 increases at this stage of the cell cycle. To check this, we synchronized cold-sensitive nda3-KM311 cells expressing Cdr2-12myc and Rad24-GFP by block in mitosis at 18 C and release at 30 C. Accordingly, Cdr2 was cytoplasmic during cell division (t = 0 mitosis and t = 30 septation) and became cortical again upon completion of cytokinesis (t = 60 and t = 90; Figure 2C ). As expected, Rad24-GFP efficiently co-immunoprecipitated Cdr2-12myc in mitotic and septating cells (t = 0 and t = 30, respectively), but the interaction was strongly reduced after septation (t = 60 and t = 90; Figure 2D ). We conclude that SIN activation during cell division promotes Cdr2 interaction with Rad24.
Next, we checked the involvement of the two serine residues previously identified as Sid2 phosphorylation targets (S476 and S632). Cdr2
RXXS-2A interaction with Rad24 was dramatically reduced compared to wild-type Cdr2, even upon hyperactivation of the SIN pathway ($10-fold reduction; Figures 2E and 2F), indicating that phospho-S476 and phospho-S632 represent the major binding sites for Rad24 on Cdr2.
Finally, to assess the functional impact of Cdr2 interaction with Rad24, we checked the localization of Cdr2-mEGFP in rad24-deleted cells. Cdr2-mEGFP did not leave the cell cortex during mitosis in rad24D cells, although the protein redistributed from the medial cortex toward the cell tips during mitosis, as previously observed for the Cdr2 RXXS-2A mutant ( Figure 2G ). Quantitative analysis of fluorescence levels confirmed that, in rad24D cells, the intensity of Cdr2-mEGFP did not increase in the cytoplasm during mitosis and diminished in a similar fashion as compared to Cdr2 RXXS-2A -mEGFP on the medial cortex due to lateral spreading toward cell tips ( Figure 2H ). In contrast, Cdr2 dissociation from the cell cortex during cell division was independent of Rad25, the other 14-3-3 protein member in fission yeast ( Figure S2E ). These data confirm that S476 and S632 are the major targets of Sid2, and that, upon phosphorylation, they promote Cdr2 interaction with Rad24 to drive its re-localization from the cortex to the cytoplasm during cell division.
Cdr2 Dissociation from the Cortex during Cell Division Resets the Division Plane for the Next Cell Division
We next wondered what may be the function of Cdr2 dissociation from the cortex during cell division. One hypothesis was that it could erase the spatial information generated during the previous interphase in order to reset the system before a new cell cycle starts.
Since the position of division plane is not only controlled by the CGN but also by nuclear signaling, we combined the Cdr2 positioning. To test this hypothesis further, we forced Cdr2 anchorage to the plasma membrane by the addition of an isoprenylation CAAX motif in the C terminus of Cdr2 ( [19] ; Figure S3A ). that, in 95% of the asymmetrically dividing cells, the position of the division plane was biased toward the new cell end generated during cell division (n = 20; Figure S3B ). This suggested that division plane position defects could result from a biased distribution of cdr2 RXXS-2A inherited from the previous cell division site toward the new end in the absence of SIN-dependent dissociation of Cdr2 from the cortex. Cdr2 would in turn influence Mid1 cortical distribution and bias contractile ring positioning and septum assembly toward the new end.
To test this hypothesis, we first carefully checked the cortical distribution of Cdr2 RXXS-2A nodes compared to the cell ends outlined by Pom1-tdTomato ( Figure 3C ). For this, we measured the ratio of the shorter over the longer distance between cell tips and the border of the domain containing Cdr2 nodes (see scheme in Figure 3D ). As expected, in a wild-type situation, the domain containing Cdr2 nodes is well centered, resulting in a ratio of $0.9. However, in a cdr2 RXXS-2A background, Cdr2 node distribution is more asymmetric, resulting in a ratio of $0.7 ( Figure 3E) . A similar observation was made in a mid1 nsm background ( Figure S3C ), confirming that Mid1 shuttling does not influence Cdr2 node distribution [5] . Second, we analyzed Mid1 node distribution relative to the cell ends. While the Mid1 cortical domain remained symmetrical in wild-type cells, in cdr2
RXXS-2A cells, Mid1 distribution displayed a similar asymmetry to that shown by Cdr2 RXXS-2A ( Figures  S3D and S3E) , which is consistent with the fact that Cdr2 serves as a cortical anchor for Mid1 during interphase [5] . We conclude that the defective distribution of cdr2 RXXS-2A nodes results in asymmetrical Mid1 cortical localization, which is the major cause of asymmetric division in the mid1 nsm background. In a wild-type background, though, this defect is overridden by nuclear signaling, leading to symmetrical division. Interestingly, when cells were binned according to their length, we found a more pronounced asymmetric localization of the Cdr2 domain in short cdr2
RXXS-2A cells compared to long ones in wild-type or mid1 nsm backgrounds ( Figures 3F and S3F ).
This might be the result of a correction process that would allow slow re-centering of Cdr2 nodes as cells grow in length over the cell cycle. In order to check this, we imaged by time-lapse microscopy wild-type and cdr2 RXXS-2A cells expressing Pom1-tdTomato and Rlc1-mCherry. As seen in Figure 3G , when wildtype cells divide, Cdr2-mEGFP is cytoplasmic but Cdr2 nodes quickly accumulate in the middle region of the newborn cell. In contrast, Cdr2
RXXS-2A
-mEGFP remained associated with the septation site, resulting in a very asymmetric localization of Cdr2 nodes in short cells, which was slowly corrected as cells grow in length over the cell cycle. We therefore conclude that the SIN contributes to the fast and efficient resetting of the division plane in the middle of newborn cells and thereby contributes to the robustness of division plane positioning.
The SIN Pathway Functions in Parallel to Pom1 to Regulate Cdr2 Distribution on the Cortex and Promote Faithful Chromosome Segregation
Since the medial localization of Cdr2 nodes is also controlled by the diffusion gradient of the DYRK kinase Pom1 emanating from the cell tips [8, 18] , we wondered whether the SIN-dependent and Pom1-dependent mechanisms were independent of each other. To test this hypothesis, we chose to combine the mutations in the two RXXS sites targeted by Sid2 (Cdr2 RXXS-2A ) with mutations in phosphorylation sites located in the Cdr2 basic region that are targeted by Pom1 to regulate its cortical distribution (Cdr2 bsc-3A [18] ). Unlike pom1 deletion, these mutations do not alter cell length at division or cell growth pattern. The Cdr2 bsc-3A+RXXS-2A mutant showed enhanced division planepositioning defects in the mid1 nsm background compared to individual mutants (Figures 4A and 4B) . We conclude from these experiments that the SIN pathway functions in parallel to Pom1 to regulate Cdr2 distribution on the cortex and promote medial division.
We also combined cdr2 RXXS-2A mutant with pom1 deletion. In this background, Mid1 nuclear levels are reduced, which alters nuclear signaling and explains why pom1D cells display division plane-positioning defects in the presence of wild-type Mid1 [41] [42] [43] . pom1D cells also divide at a short cell size compared to wild-type cells and grow in a monopolar fashion, either from the new or old end [7, 8, 43, 44] . Combination of pom1 deletion with the cdr2 RXXS-2A mutant aggravated the division plane-positioning defects compared to pom1D cells ( Figures 4C and 4D) . Time-lapse analysis revealed that Cdr2 localization was anticorrelated with cell growth. In particular, if growth was activated at the new cell end, Cdr2 was displaced from this region and re-localized to non-growing areas ( Figure S4 ), reminiscent of the described behavior of Cdr2-binding partner Mid1 [45] . The synthetic phenotype observed in the double pom1D cdr2
mutant confirms that, in spite of the regulation of Cdr2 distribution by cell growth, which becomes dominant in the absence of Pom1, inheriting cortical Cdr2 leads to a stronger asymmetry in Cdr2 distribution than establishing Cdr2 nodes de novo, with an impact on division plane positioning since nuclear signaling is also altered. Finally, 8% of pom1D septating cells displayed mis-segregated nuclei, with the smaller cell devoid of nucleus and the larger containing two nuclei, and 2% displayed a cut phenotype, where the septum severed the nucleus. Interestingly, this phenotype rose to 16% of mis-segregated nuclei and 4% of a cut phenotype in septating pom1D cdr2
RXXS-2A cells, in agreement with the higher proportion of cells with very strong division asymmetries ( Figures 4E and 4F) . We conclude that the control of Cdr2 node distribution by Pom1 and the SIN also contributes to the fidelity of segregation of the genetic material between the two daughter cells.
Our new results show that the establishment of the medial Cdr2 domain in newborn cells relies, in fact, on two complementary mechanisms (see Figure 4G) . First, by releasing Cdr2 from the cortex during cell division, the SIN pathway erases the spatial information from the previous cell cycle and provides a pool of free Cdr2 molecules that can promote the assembly of new nodes when the SIN activity decays. Second, Pom1 gradient as well as growth restricts the assembly of these new nodes to the medial cortex of newborn cells, where they form cytokinetic precursors. The first and newly evidenced mechanism depends on the phosphorylation of two key serine residues of Cdr2, S476 and S632, by the NDR kinase Sid2, which creates binding sites for the 14-3-3 protein Rad24 and leads to Cdr2 dissociation from the cortex and sequestration in the cytoplasm. Since S632 lies in the Cdr2 KA-1 domain involved in membrane binding, its phosphorylation could also potentially reduce Cdr2 affinity for membrane lipids and accelerate Cdr2 dissociation from the cortex. Cdr2 then remains cytosolic as long as SIN activity is high [14] . The generation of Rad24-binding sites seems to be a common mechanism by which the SIN regulates various pathways acting during cell division, such as Clp1-dependent control of acto-myosin ring stability [30] or inhibition of the Nak1-MOR polarity pathway [31] .
Pom1, on the other hand, acts by direct phosphorylation of Cdr2 on its membrane-binding domain and by downregulation of its interaction with Mid1 in the cell tip regions where Pom1 is concentrated [18] , leaving the cell middle as the most favorable region for Cdr2 node assembly from the soluble pool of Cdr2.
While Pom1 finely defines a local inhibition at the cell tips and restricts nodes to the cell middle, the SIN pathway has a global effect throughout the cell, during cell division only and leads to a complete dissociation of Cdr2 from the cortex. This differential effect does not only arise from the tip-specific localization of Pom1 but also from the moderate effect of Pom1 on Cdr2 as compared to the SIN. Indeed, targeting Pom1 all over the cell cortex leads to Cdr2 redistribution all over the cortex and enhances Cdr2 exchange rate on the cortex, but does not lead to its complete dissociation from the cortex [18] . The stronger and global effect of the SIN pathway on Cdr2 association with the cortex seems necessary to fully erase the mother cell spatial cues defining the cell middle and reset the division plane according to the geometry of daughter cells.
Strikingly, the cortical distribution of Cdr2 RXXS-2A is strongly asymmetric in newborn cells, but this asymmetry is slowly corrected over time, although the leftover asymmetry is sufficient to generate division plane-positioning defects when nuclear signaling is inactive. This slow re-centering of the Cdr2 domain could potentially rely on slow disassembly of inherited Cdr2 nodes by Pom1 [5] . Re-centering could also directly result from growth at the new tip that can physically displace the node-containing domain toward the cell middle. See also Figure S4 and Tables S1 and S2 .
Another unexplained observation is that, in the absence of SIN activity, while remaining cortical, Cdr2 still separates from cytokinetic precursors that compact into the ring, whereas Cdr2 spreads toward the cell tips. Future experiments will address how this is controlled molecularly.
To conclude, the Hippo-like SIN pathway plays many key roles in the temporal control of late cell division events [12, 31, 46] . This work assigns a novel role to the SIN pathway in erasing positional information from the mother cell, to allow fast and efficient resetting of the division site to the middle of newborn cells. Although exerted during cell division like other SIN functions, one peculiarity of this new function is that its functional outcome is delayed to the next cell cycle.
Interestingly, the major target of the Hippo pathway, YAP, also regulates cytokinesis by controlling the localization of anillin, functionally similar to Mid1, as well as RhoA and its regulators. Together, these proteins drive division plane positioning and cleavage furrow invagination in animal cells [47] . Although this new function of YAP does not seem to be directly controlled by the Hippo pathway, it will certainly be interesting to analyze the evolutionary conservation of Hippo and SIN functions in a more systematic manner in the future. 
